T he government building in the south of England looks open and airy with its three-storey glass facade. But security measures such as guards stationed at the front serve as a reminder that this Ministry of Defence property is carrying out sensitive work important to the nation's future. Deep in the building's basement, two adjoining rooms house 27 big black boxes that churn through a million lines of computer code every hour to gaze into the future of Earth and its 7 billion inhabitants.
This massive supercomputer at the UK Met Office in Exeter is home to what is possibly the world's most sophisticated climate model. Developed by researchers at the Hadley Centre, the Met Office's climate-change branch, the newly finished model will be put to its first big test over the coming months. It will run a series of climate simulations out to the year 2100 for the next report of the Intergovernmental Panel on Climate Change (IPCC), on the physicalscience basis of climate change, which is due out in 2013.
Four years in the making, the model is known as HadGEM2-ES, short for the Hadley Centre Global Environmental Model, version two, with an added Earth-system component. It is one of a dozen Earth-system models under development worldwide that reach far beyond their distant forebears, which represented just the physical elements of the climate, such as air, sunlight and water. The new generation includes all that and much more: forests that can shrink or spread as conditions change; marine food webs that react as the oceans grow more acidic with carbon dioxide; aerosol particles in the atmosphere that interact with greenhouse gases, enhancing or sapping their warming power.
The Hadley Centre is at the forefront of efforts around the world to develop such complex climate models. "It's really pushing the envelope", says Andrew Weaver, a climate modeller at the University of Victoria in British Columbia, Canada.
Researchers hope that the added complexity will lead to more realistic predictions and help them to derive new insights about how elements of the climate interact with each other. But it is a bit of a gamble whether this monumental effort will actually help political leaders and researchers to plan for the future. Because models are simulating more components and each one is subject to variation, the extra complexity could make error bars expand greatly in forecasts of how temperatures or precipitation will change with time. "It's very likely that the generation of models that will be assessed for the next IPCC report will have a wider spread of possible climate outcomes as we move into the future, " says Jim Hurrell, who is heading development of the Earth-system model at the National Center for Atmospheric Research (NCAR) in Boulder, Colorado.
At its core, HadGEM2-ES is much like any climate model. It is a series of equations describing atmospheric circulation and thermo dynamics, solved for a number of points that form a three-dimensional grid over the surface of Earth.
The grid for HadGEM2-ES has 192 evenly spaced points running east-west and 144 points in the north-south direction. Each box represents an area of roughly one degree latitude by two degrees longitude, which is about 100 kilometres by 200 kilometres at the equator. The atmosphere has 38 unequally divided levels, about 20 metres deep near the land and ocean surface but getting progressively thicker with height.
From slime to leaf
As with all modern global climate models, HadGEM2-ES couples the atmospheric model with an ocean model. In the 1980s and early 1990s, the oceans in the earliest of the Hadley coupled models were called swamps and were little more than large, shallow puddles connecting continents. They gradually evolved into 'slab oceans' , which were rigid but could
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absorb and release heat (see 'Model evolution'). The global ocean in HadGEM2-ES, by contrast, flows with currents and eddies. Its 40 layers reach down to 5,000 metres, with the top layer measuring just 10 metres thick, an important advance that allows models to simulate more realistically how the ocean takes up and retains carbon dioxide at different depths. Amid the stark white walls and uniform desks of the Hadley Centre, researchers are wrestling with how to mimic the clouds and currents, trees and tundra and the myriad other aspects of the planet that can amplify or diminish global warming. Yet the only signs of the work that is done here are the lines of computer code scrolling across the computer monitors.
The coding that makes up HadGEM2-ES includes several other components of the Earthsystem, such as a closed carbon cycle, which in theory can account for all of the carbon on Earth that might affect climate over the next few centuries. The model does this with detailed atmospheric chemistry, dynamic vegetation that can grow and die depending on the climate, and ocean biological and geochemical systems that can respond independently to changing greenhouse-gas levels.
On land, vegetation is split into nine categories from shrubs to needle-leaf trees -a major advance in how models represent the biosphere. The first attempts to include biology in a climate model gave rise to the 'green scum' model, which treated all of life as a uniform green layer from equator to pole. HadGEM1, the immediate forerunner of HadGEM2-ES, included the same types of vegetation as HadGEM2-ES but as a static layer. Now, the vegetation types can shift, and foliage can change with the seasonal cycle.
Merging these aspects together in a single model slows it considerably. Simulating one month takes an hour of computing time. "That's the price you pay, " says Chris Jones, a carbon-cycle specialist who has been instrumental in developing HadGEM2-ES. HadGEM1 runs three times faster than the newer model.
Even with the fine resolution of HadGEM2-ES, there are climatically important processes that are simply too small for the model to simulate directly, such as clouds. To get around this, climate modellers use a technique called parameterization. Rather than trying to simulate individual clouds within a grid box, for example, the generalized effect of clouds on climate is represented by a series of equations that describe the conditions under which clouds form and decay, and how they absorb or reflect radiation. These are then averaged for each grid box.
Parameterizations are a necessary evil that can introduce error into models. Perhaps more bothersome, though, are the random errors. Just one incorrectly entered bit of data can send the whole system haywire. So too can an imperfect representation of a seemingly simple aspect of the real world, as Hadley Centre scientists discovered when they put too little plant life in the world's arid regions, leaving insufficient vegetation to hold the soil in place. Soon, dust levels in the model atmosphere surged out of control, reaching three times higher than average, which in turn fertilized the ocean, causing phytoplankton to flourish.
Identifying culprits
Model developers are only too familiar with the effects of errors. "That's not only common, that's the evolution that all of us go through, " says Hurrell. To identify these quirks, each model goes through a rigorous testing phase. This involves putting the model through a series of 'control runs' in which its skill is tested by simulating a stable climate. The model is also commonly 'hindcast' to determine its ability to match historical changes. Dynamics Laboratory (GDFL) in Princeton, New Jersey, says the GDFL model was "the worst in the world" for simulating North Pacific sea ice in the last IPCC assessment. But when it came to reproducing past and current climates on a global scale, these models were on top of their game. "That's one of the joys of this business, " Stouffer says with a laugh. "You can make your model better overall but at any one point it might be worse. " Whether or not HadGEM2-ES has a blind spot should become apparent after running the simulations for the IPCC over the next few months.
Whatever flaws there are in HadGEM2-ES may be compensated for by its peers -the other Earth-system models that will be running simulations for the IPCC forecasts. These models hail from the research groups at the GFDL, NCAR and from centres in Australia, Canada, China, France, Germany, Japan and Norway. "It is important that there's a good diversity of models, " says Weaver, because, when it comes to ways of modelling, "there's no one right answer". The advantage of having numerous groups developing models simultaneously is that they each approach the task differently.
Other institutes have not put as much work into their Earth-system models as the Hadley Centre, so most of them are not relying entirely on the new models. "Every one of these simulations is a challenge and we don't know until the last moment whether everything will work out as we would like, " says Christian Reick, who is leading vegetation modelling for the Max Planck Institute for Meteorology in Hamburg, Germany. Many groups will run a hierarchy of simpler models as a way of hedging their bets. If the Earth-system models produce forecasts of, say, temperature change that have an unreasonably large uncertainty range, the teams can fall back on more familiar models for a simpler evaluation of what the future holds. That concern has led some to call for caution in increasing the complexity of models. "Once in a while you have to stop and think if this complexity is really warranted in light of our ignorance, " says Syukuro Manabe, one of the founders of modern climate models and a researcher at the GFDL. "You don't want to oversimplify, " says Manabe, adding that the key is to look at whether "the detail in the model is balanced with our knowledge of the process".
Practical constraints
Although the new models are better from an academic perspective, they do not necessarily produce results that are more useful for policy-makers wrestling with how to plan for the future. Jones acknowledges that models are "only useful if we understand them to the point where we have confidence in them". But, he says, "we're going into a future that we can't constrain with observations, and climate models are the only tool we have for making projections".
During the report-writing process, the IPCC authors will analyse all the model projections to develop their best estimates for the climate of the future. The estimates will include how quickly temperatures will rise, where rainfall will increase or decrease and how vegetation patterns will shift.
But even as they run through the IPCC simulations with the current crop of models (see 'The range of future climates'), Jones and his peers are thinking about how to improve them by adding more components. "We're keen that we don't stand still, " he says. One addition they hope to make is the thawing of permafrost in the Arctic tundra that could accelerate warming by releasing methane, a potent greenhouse gas. HadGEM2-ES has factored in methane release from wetlands, but doesn't account for permafrost. Also in the pipeline for the Hadley Centre's next model is the nitrogen cycle and how it influences plant growth.
But the point of all of this "is not to develop a perfect model", says Hurrell. "We develop new representations of aspects of the system based on our best understanding of the system, and when we are confident that we can represent that process well, we include it in the model. "
For climatologists, models are not just tools that can give a glimpse of what the future holds; they are also an experimental playgrounda replica world on which they can test their knowledge of the climate system. Without the ability to conduct global-scale experiments in the lab or in the field, models are the only tool they have.
At the Hadley Centre, some staff joke that modellers will eventually try to include panda bears in their simulations. The bit of hyperbole no doubt riles some of the modellers, perhaps because they are only too keenly aware that their creations can never fully represent the real thing. "Part of our intellectual challenge is to find out what's important to include, " says Jones. "There'll always be some level of detail or complexity that we can't get in there. " ■ Olive Heffernan is the editor of Nature Reports Climate Change. 
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The range of future climates
The UK Met Office is home to the world's most sophisticated climate model.
